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Abstract
Recentsuccesshasbeenachievedinthesynthesisofvirusparticleswhichencapsulate
singlegoldnanoparticles.However,littleinformationisknownabouthowmuch
resemblancethereiswithatruecapsid.Throughtheintegrationofatomicforce
microscopy,surfacenhancedRamanspectroscopy,andnear-fieldscanningoptical
microscopy(SERS/AFM/NSOM)itwill bepossibletosimultaneouslycharacterizethe
optical,chemical,andmorphologicalpropertiesofsinglevirusparticles.Ofparticular
significanceistheabilitytogaininformationonthesymmetryoftheseparticles.We
havedemonstratedtheabilitytoimagebromemosaicvirus(BMV) inairandonamica
substratewithAFM. Currentworkisfocusingontheconstructionfanatomicforce
microscopef aturingaquartztuningforkprobeandagold-coatedetchedglasstip. The
advantagetotraditionalAFM probesistherelativenon-invasivenatureofthetip-sample
interactionwhichisespeciallyimportantwhenstudyingbiologicalsamples.Through
theuseofAFM/NSOM,followingtheidentificationofthevirus-likeparticlesitwill be
possibletoobservetheirRamanspectraviaSERS. Spatialmanipulationoftheparticles
will allowforcomprehensiveanalysis,leadingtoadetailedmappingoftheirsurface
features.
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TowardsLocal ProbeVibrationalSpectroscopyof
SingleVirus Particles
1. Introduction.
1.1AtomicForceMicroscopy(AFM). Sinceitsinventionin 1985byGerdBinnigand
ChristophGerberk,theAtomicForceMicroscope(AFM)hasbeenimplementedina
varietyoffieldsrangingfrombiology,chemistry,materialsscience,andelectronics.)
Theabilitytoimagesurfacesinatomicresolutioncoupledwiththeabilitytooperatein
multiplemodesmakestheAFM oneofthemostversatilescanned-proximityprobe
microscopes.Particularinteresthasbeenplacedontheimagingofbiologicalstructures
suchasDNA, singleproteins,livingcells,andviruses.
TheAFM generallyconsistsofalaser,mirror,photodetector,amplifier,probe,
andcantilever?Thebasicprincipleistomaintainanatomicallysharptipateithera
constantforceorheightabovethesamplesurface.Toaccomplisht is,thetipisattached
totheundersideofareflectivecantilever.An opticalbeamisbouncedoff thecantilever
anddeflectedtoaposition-sensitivephotodetector.Theupanddownmotionofthetip
scanningoverthesurfaceofthesampleresultsinadeflectionofthelaserbeamwhichis
detectedbythephotodiode.Theresultingsignalis fed-backthroughthesoftwarecontrol
enablingthecomputertokeepthetipateitheraconstantheightorforce.)
PreviousworkoperatingintappingmodeAFM hasshownconsiderablesuccess
intheimagingofvirusesincludingtobaccomosaicvirus,bromemosaicvirus,turnip
yellowmosaicvirus,andcauliflowermosaicvirus.Kuznetsovimplementedtheuseof
tappingmodeAFM intheimagingofBMV andwasabletoresolvetheindividual
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capsomeresthatmadeupthecapsid.3Themeasureddiameteroftheviruswas
approximatedtobe28run.It isimportanttonotethathesemeasurementsweredoneby
heightanalysis;it isnotaccurateotakethelateraldiameterbecausethiswill alwaysbe
convolutedduetotheshapeoftheAFM tip,sometimesa muchas2-5timesthecorrect
value?
Anothermethodofforcesensinginvolvesreplacingthecantileverbasedforce
probewithatuning-forkprobe.4Thisoffersanumberofadvantagessuchasrelatively
non-invasivetip-sampleinteractionsanditeliminatestheneedforalaserdiode.Noise
duetothermalmodehoppingofthelaseranddriftfromdissipationofthelaserdiodeis
alsoeliminated.5Theseadvantagesseemtosuggestthatheuseofanonopticalmethod
offeedbackwouldbeidealasisachievedwithatuning-forkprobe.Thetuningforks
usedinthisapplicationarethesameasthosefoundincommonwristwatchesa shownin
Figure1.
Figure1. A typicaltuningforkcommonto
mostcommercialwatches.Thesequartz
crystalsarealsousedasforcesensorsin
atomicforcemicroscopes.6
Anotheroneoftheprincipaladvantagesofusingaquartztuningforkasaforcesensor
liesintheirveryhighoscillatorqualityfactors,Q.7,8Thispropertyenablesdetectionof
verysmallresonantfrequencychangesandenergychangesduetoforceinteractions.9
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Giessibldevelopedanatomicforcemicroscopebasedonfrequencymodulationthe
schematicofwhichisshowninFigure2.
pre-
amplifiel-
Figure2. Schematicofthetuning-forkprobe
atomicforcemicroscopedevelopedbyGiessibl.
Thebasisisconversionoftheoscillation
frequencyintoameasurabledcsignal.8
Theautomaticgaincontrolcircuit(AGC)wasusedtomakeadjustmentsensuring
constantvibrationamplitude.8Theoutputwasalsopassedthroughaphase-locked-loop
whichfunctionedtoproduceadcsignalfromtheoscillationfrequencywhichwas
proportionaltothedifferencebetweenanadjustables t-pointandtheaforementioned
frequency.ThetuningforkusedbyGiessiblhadafrequencyof32.768kHz,theprongs
wereeach3.0mminlength,thewidthwas120!lm,andthecalculatedtheoreticalspring
constantwas3143N/m.8
1.2SurfaceEnhancedRamanSpectroscopy(SERS). Ramanspectroscopyisa
powerfulmethodusedtoinvestigatehevibrationalfrequenciesofmoleculesyielding
chemicallyspecificinformation.lOA significantweaknessofthismethodarisesfromits
inherentlowsignalstrength.Thiscanbeovercomebyplacingsmallmetalparticlesclose
tothemoleculebeingexamined;enhancementsofupto8ordersofmagnitudehavebeen
achievedonCu,Ag,andAu surfaces.II TheprincipleofSERSwasfirstdemonstratedin
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1974byFleischmannetal.instudiesregardingtheadsorptionofpyridineatasilver
electrodewhichhadbeenelectrochemicallyroughened.10Morerecentlyagoldcoated
AFM tipwasusedbyAndersontoserveasasubstrateforSERS.12A simpleillustration
ofthepowerofSERS fromthesexperimentsisshowninFigure3. Inoneexperimenta
goldcoatedAFM tipwasusedinconjunctionwithaRamanmicroprobetoinduce
enhancementof heRamansignal.SpectrumA showsthesignalenhancementof he
localsurfaceRamansignalonasulfurfilmascomparedtospectrumB wherethereisno
.
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Figure3. PlotA showstheRamanshift
associatedwithaRamansignalenhanced
bythepresenceofagoldcoatedatomic
forcemicroscopetip. PlotB showsthe
Ramanshiftintheabsenceofthegold
coatedtip.12
B
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ResultsindicatedthathecouplingofAFM withRamanspectroscopyincreasedspectral
resolution,selectivity,andsensitivitywhencomparedtoaconventionalRaman
microprobe.12-13Thehighdegreeof specificitydisplayedbyimplementingtheuseofan
AFM tipoffersthepotentialforsinglemoleculetargetedspectroscopy.14
1.3Near-fieldScanningOpticalMicroscopy(NSOM). Zenhausem,O'Boyle,and
Wickramasinghefirstdemonstratedthatitwasnotnecessarytopasslightthroughasmall
pinhole,butyoucouldalsoreflectlightfromthetipofascanningprobe,suchasanAFM
tip.IS Theadvantageofthismethodisthepotentialtoachieveresolutionscomparableto
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theradiusoftheprobetip,whichcouldbeontheorderofafewnanometersorless.16
Thismakespossibletheabilitytodospectroscopyonindividualmoleculessuchas
individualcomponentsofaviruscapsid.17-18
2. Experimental.
2.1.SamplePreparation.All vialsandbeakersusedtoprepareAFM sampleswerefirst
rinsedthreetimeswithpurewaterfroma0.22J-lmsyringefilter.Theglasscoverslips
werefirstrinsedwithfilteredpurewater,andthendried'underaflowofnitrogen.The
coverslipswerethenincubatedinaglassbeakerwitha3mLsolutionofpoly-L-Iysine
for10minutes.Afterthistimethecoverslipswererinsedoncewithpurewaterandagain
driedunderaflowofnitrogen.Incubationwasthendoneina1mLsolutionofabrome
mosaicvirus(BMV)suspensionfor30minutes.Thesamplewasthenrinsedwithpure
wateranddriedunderaflowofnitrogen.A vacuumjarwasusedtostorethesample
whennotinuse.TheinitialconcentrationfBMV usedwas0.01mg/mL,10J-lLofthis
solutionwasthendilutedto1mLwithfilteredacetatebuffer.Whenpreparingsamples
onmicathesheetofmicawasfirstcleavedwitharazorbladeandthensubsequent
treatmentwasthesameasforthecoverslipsamplepreparation.Themicawasinthe
Muscoviteformwhichproducedanon-conducting,clean,andatomicallyflatsurface.
2.2.AtomicForceMicroscope(AFM) Settings.A VEECODimension3100AFM was
usedforallofthepresentedimages.Itwasoperatedintappingmodeatascanrateof2
Hz. Thescansizesvariedfrom2-5J-lm2with262,144datapointstakenperscan.The
tipsusedweremicromachinedmonolithicSiprobesforuseintappingmode.Theyhave
atypicalresonantfrequencyof300kHz,forceconstantof40N/m,widthof30J-lm,
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thickness4J.lm,andatipradiusof lessthan10run.All sampleswereimagedwithina
fewhoursofpreparation.
3. ResultsandDiscussion.
3.1.IntactBromeMosaicVirus. Initialexperimentswerecarriedwithacommercially
availableatomicforcemicroscope(VEECODimension3100)toseeif itwouldbe
possibletoeffectivelyimageintactviruses.Itwasalsodesirabletodetermineif itwould
bepossibletodiscernthedifferencebetweeni tactvirus,emptycapsidvirusparticles,
andvirusparticleswithgoldcores.Bromemosaicvirus(BMV) is approximately28run
indiameterandexhibitsicosahedralsymmetry12soitwasexpectedtoappearasuniform
spheresduringAFM imaging.An intactBMV samplewaspreparedonaglasssubstrate
coatedwithpoly-L-IysineandimagedwithtappingmodeAFM asshowninFigure2.
Thepoly-L-Iysinewasusedbecauseitcoatsthesurfaceofthesubstratewithadense
layerofaminegroupswhichfunctionasasurfaceforionicattachment.Figure5shows
sevenprominentuniformsphericalviruseswithdiametersofapproximately28runwhich
agreeswellwiththeoreticalresults.12
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Figure4.Atomicforceimageof intactbromemosaicvirus(BMV)onglasssurface
(left)andmicasurface(right)bothwerepre-treatedwithPo1y-L-Lysine.
A micasubstratewasalsoused(Figure4)andresultshowarelativelylargenumberof
virusesadheredtothesurfaceyieldinguniformsphereswithdiametersofapproximately
28nmwhichalsoagreedwellwiththeoreticalresults.
3.2.EmptyCapsidandGoldCoreVirusParticles.Imagingofemptyviruscapsids
yieldedsomewhatmbiguousresultsasshowninFigure5. It isdifficultopickouta
seriesofuniformspheresofuniformheightofapproximately28nmthatcouldbe
conclusivelyidentifiedasBMV. Themassesofmaterialonthesurfacecouldcomefrom
avarietyof sources.Residualproteincouldhavebeenleftinthesamplepriorto
depositionontothecoverslipwhichaggregatedtoformthestructuresseeninFigure5.
Anotherpossibilityisthatheemptycapsidvirusparticlesaresignificantlylessstablein
ambientconditionsanduponcontactwiththeAFM tiptheycollapseandtakeonirregular
shapes.Oneoptiontoovercomethiscouldbeimagingemptycapsidvirusparticlesina
buffersolution.Imagingwasalsodoneonvirusparticlesynthesizedwithgoldcoresas
11
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showninFigure5. Theapproximateh ightsoftheuniformsphereswere27-33nm.The
sphereslookdistorteduetoaconvolutedtipsolateralmeasurementsofdiameterwould
bemisleading.Heightmeasurementswouldbeconsistentregardlessoftheshapeofthe
tip.
Figure5.Atomicforceimageofemptycapsidvirusparticlesonamicasurface
treatedwithpoly-L-Iysine(left)andvirusparticleswithgoldcores(right)ona
glasssurfacetreatedwithpoly-L-Iysine.
compositionofthecapsidtodetermineitssimilaritytointactBMV. Theuseofagold-
coatedAFM tipandRamanspectroscopywill beusedtoinvestigatehis.Upondetection
ofaviruswithAFM thegold-coatedprobewill beheldafewnanometersabovethevirus
andserveasthesubstrateforsurfacenhancedRamanspectroscopy.Theclose
proximityofthetipwill allowforsite-specificchemicalcharacterizationwitha
resolutionofafewnanometers.Spatialmanipulationaccomplishedwiththetipallows
fortheentirecapsidtobecharacterizedwiththismethod.Determinationfwhetheror
notavirusparticlecontainsagoldcorecanbeaccomplishedbyfollowingthegeneral
premisethatonlyvirusparticleswithgoldcoreswillbecapableofproducingan
enhancedRamansignal.Virusesowemuchoftheirabilitytofunctionwithintheir
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naturalsystemstotheirhighlyspecificstructures.Itmusthereforebedeterminedhow
muchrelationthereisbetweensynthesizedvirusparticlesandintactBMV.
3.3.InstrumentDesign.Othercurrentworkisfocusingonconstructionfaninstrument
thatwill coupleatomicforcemicroscopy(AFM)withnear-fieldscanningoptical
microscopy(NSOM).Thebulkoftheinstrumentwill bemadeofstainlesssteelandwill
beattachedtoanexistingopticalmicroscope.ThegeneraldesignisshowninFigure6.
Figure9. Basicdesignoftheinstrumentto
bebuiltbyourgroup.Thetuningforkprobe
will beattachedtothetoppiece,thediskwill
holdthesample,theredrepresentsthepiezo
scanningstage,andtheoutersupportisthe
mountwhichwill beattachedtoanoptical
mICroscope.
Thusfarthetoppiecehasbeencompleted.Thiswill serveasthemountforthetuning
forkprobeandoffersenoughopenspacefortheRamanlasertobeusedinclose
proximitytothesample.Themainsupportstageiscurrentlyunderconstructionandwill
serveasamountoattachtheapparatustoanexistingopticalmicroscope.Themost
intricatepiecewill consistofatuningforkprobebondedtoapiezomountwhichwill be
attachedtoaMacor@substratewhichisuseduetoitspropertiesasanelectrical
insulator.Thedifficultiesassociatedwiththisarisefromworkingwithmaterialsonthe
orderofafewmillimeters,whilenecessitatinghighlyprecisepositioningofparts.An
amplifierwill beembeddedintothestagetominimizethedistancethesignalwill haveto
travel.Theamplifiedwill thenbesentoafeedbackmechanismandalock-inamplifier
forsignalprocessing.Thegeometryoftheinstrumentdesignallowstheplacingofa
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RamanlaserinverycloseproximitytotheAFM tipwhichwill bethesurfaceresponsible
forgeneratingtheSERSphenomena.
4. ConclusionsandFutureWork. Initialsuccessimagingvirusparticleswitha
commercialAFM haveprovenencouraging.Heightanalysisandgeneralstructural
observationsseemtoconfirmthatvirusparticleswithgoldcoreshavebeensynthesized.
However,nochemicalinformationcanbegatheredfromthistypeofanalysis.It is
thereforedesirabletodevelopamethodofsite-specificlocalprobeanalysisofsingle
virusparticles.Thiscanbeaccomplishedthroughthecouplingofatomicforce
microscopy,surfacenhancedRamanspectroscopy,andnear-fieldscanningoptical
microscopy.Futureworkwill consistofcompletingconstructionof suchaninstrument.
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